Metabolic stress is believed to constitute an important signal for training-induced adjustments of gene expression and oxidative capacity in skeletal muscle. We hypothesized that the effects of endurance training on expression of muscle-relevant transcripts and ultrastructure would be specifically modified by a hypoxia complement during exercise due to enhanced glycolytic strain. Endurance training of untrained male subjects in conditions of hypoxia increased subsarcolemmal mitochondrial density in the recruited vastus lateralis muscle and power output in hypoxia more than training in normoxia, i.e. 169 versus 91% and 10 versus 6%, respectively, and tended to differentially elevate sarcoplasmic volume density (42 versus 20%, P = 0.07). The hypoxia-specific ultrastructural adjustments with training corresponded to differential regulation of the muscle transcriptome by single and repeated exercise between both oxygenation conditions. Fine-tuning by exercise in hypoxia comprised gene ontologies connected to energy provision by glycolysis and fat metabolism in mitochondria, remodelling of capillaries and the extracellular matrix, and cell cycle regulation, but not fibre structure. In the untrained state, the transcriptome response during the first 24 h of recovery from a single exercise bout correlated positively with changes in arterial oxygen saturation during exercise and negatively with blood lactate. This correspondence was inverted in the trained state. The observations highlight that the expression response of myocellular energy pathways to endurance work is graded with regard to metabolic stress and the training state. The exposed mechanistic relationship implies that the altitude specificity of improvements in aerobic performance with a 'living low-training high' regime has a myocellular basis.
Myocellular oxidation of blood-derived fatty acid and carbohydrate metabolites in mitochondria plays a major role in energy supply during sustained muscle work (Romijn et al. 1993; Jeukendrup, 2002; Beneke & Boning, 2008) . Exercise, in turn, conditions the scope of the oxidative pathway of energy production (reviewed by . For example, endurance training for a few weeks improves the respiratory capacity in recruited muscle groups via elevations of mitochondrial and capillary volume density (Flück, 2006) . Transient upregulation of transcript expression during the first 24 h of recovery from exercise implies that pretranslational mechanisms relate to the repetition effect of endurance training on local oxidative capacity (Kraniou et al. 2000; Pilegaard et al. 2000; Hoppeler et al. 2003; Flück, 2006; Schmutz et al. 2006) . The exercise-induced changes imply that increases in aerobic capacity with endurance training are reflected by broad expressional regulation of mitochondrial processes for oxidative conversion of lipids and the intermediate product of glycolysis, pyruvate, in recruited muscle (Schmutz et al. 2006) .
Metabolic perturbations play an instrumental role for improvements in myocellular oxidative capacity with endurance training (Norrbom et al. 2004) . The adaptive signals for mitochondrial biogenesis in recruited muscle are amplified by the reduction of oxygen tension during exercise through the restriction of blood supply and the lowering of atmospheric oxygen (Terrados et al. 1990 ;
S. Schmutz and others
Exp Physiol 95.6 pp 723-735 Richardson et al. 1995; Melissa et al. 1997; Norrbom et al. 2004) . The consequent strain on oxygen-dependent mitochondrial ATP synthesis in exercised muscle is noticeable by the elevation of lactate (Joyner & Coyle, 2008) . The correlation of blood lactate with postexercise regulation of certain gene transcripts (Gustafsson et al. 1999) suggests that 'glycolytic strain' during intense endurance work is connected to gene regulation. This contention is supported by the amplified increase in angiogenic and mitochondrial transcript levels and fatigue resistance with 'living low-training high' training regimes that reduce arterial and muscle oxygen saturation during exercise but allow recovery in normoxia (Terrados et al. 1990; Richardson et al. 1995; Melissa et al. 1997; Green et al. 1999; Vogt et al. 2001; Dufour et al. 2006; Zoll et al. 2006) . It is, however, debated to what extent the 'living low-training high' regime can improve endurance performance compared with 'living high-training low' regimes where the hypoxic stimulus during training is added at rest (Levine & Stray-Gundersen, 2006; Flueck, 2009) . Towards this end, it remains to be investigated whether the adjustments with hypoxia training involve specific regulation of energy supply lines in exercised muscle.
We hypothesized that exercise in a 'living low-training high' regime would differentiate the response of expressed transcripts (the transcriptome) during the recovery phase compared with exercise in normoxia and explain the structural muscle adjustments with training. We reasoned that specific alterations of the muscle transcriptome to exercise in hypoxia would relate to arterial deoxygenation and lactate accumulation and correspond to gene ontologies (GOs) of metabolic pathways, which are implicated in oxidative metabolism. Towards this end, we deployed established cDNA microarray technology (Däpp et al. 2004; Flück et al. 2005; Schmutz et al. 2006) to monitor codirectional transcript level adjustments of muscle-relevant pathways in vastus lateralis during recovery from a single ergometer exercise bout both before and after 6 weeks of training at a simulated altitude of 4000 m in comparison with training in normoxia.
Methods

Subjects
Twelve healthy, not systematically trained men gave their written consent to participate in the study. The study was conducted with permission of the Ethics Committee of the University of Bern, Switzerland, in compliance with the Helsinki Convention for research on human subjects. Anthropometric parameters (age, height, body mass and body fat percentage) were determined at the beginning of the study and after 6 weeks of training in hypoxia. Body fat percentage was determined by a seven-point skin-fold measurement using a calibrated calliper (GPM, Zurich, Switzerland) . Extracts of the data of the six subjects training in normoxia have been reported (Schmutz et al. 2006) .
Design of exercise interventions
The twelve subjects were assigned to one of two types of training in normoxia (n = 6) or normobaric hypoxia (n = 6; Fig. S1A ). The assignment of subjects to an experimental group (i.e. training type) was based solely on the criteria of achieving a similar mean maximal oxygen consumption (V O 2 max ) for both groups.
Single and repeated bouts of endurance exercise (i.e. training) in normoxia and hypoxia were performed on a bicycle ergometer with an inspired oxygen fraction of 21 or 12% in Berne, Switzerland. This corresponded to respective altitudes of 560 and 4000 m above sea level, respectively. To generate hypoxic conditions, nitrogen was mixed at a constant ratio with ambient air by an AltiTrainer 200 (SMTEC, Nyon, Switzerland). The subjects inhaled this gas mixture via a mask.
Training was carried out in two series at a controlled intensity. In both series, three subjects from either training group exercised in parallel at the same relative power output (see 'Endurance training' below) of the respective condition (i.e. normoxia or hypoxia). The subjects were advised to stop extra physical activity 4 weeks before the start of the study. Biopsies were collected from the vastus lateralis muscle during a time course of recovery from a single bout of exercise before and after training to analyse muscle structure and transcript expression.
Exercise tests
Aerobic performance was assessed with an incremental exercise test until voluntary exhaustion on a bicycle ergometer (Ergoline 800S, Ergoline GmbH, Bitz, Germany) in normoxia and normobaric hypoxia before and after the training period as previously described (Ventura et al. 2003) . The estimated maximal aerobic power (P max ) andV O 2 max were used to control exercise intensity. Arterial oxygen saturation was determined noninvasively at the fingertip using an oxymeter (Pulsox-7, Minolta Co., Ltd, Osaka, Japan). At the end of each increment (every second minute), a capillary blood sample was taken from the finger tip for lactate measurements (Yellow Springs Lactate Analyzer 23L, YSI Inc. Yellow Springs, OH, USA).
Single exercise bout
The single bout of endurance exercise consisted of a two-step protocol on the Ergoline 800S ergometer in the respective oxygen condition, i.e. type of exercise. After a warm-up period of 10 min at a low intensity (attempted 40% of P max ), the subjects cycled for 30 min at high intensity (attempted 65% of P max ). Arterial oxygen saturation and blood lactate concentration during the first and last exercise bout were determined as described in the preceding subsection.
Endurance training
During 6 weeks, the subjects performed five controlled 30 min exercise sessions per week on a bicycle ergometer (Kettler, Ense-Parsit, Germany) in normoxia or normobaric hypoxia. Exercise intensity was equal to that employed in the second step of the single exercise bout (i.e. 65% of P max in the respective oxygen condition). Hypoxic gas mixture was provided and controlled through an AltiTrainer 200. Training intensity of each exercise session was monitored and increased as necessary to maintain a constant individual training intensity at approximately 90% of maximal heart rate. The control measures involved the daily monitoring of heart rate during exercise and recovery with a chest belt (Accurex Plus, Polar Electro Finland, Kempele, Finland). In addition, training workload was followed by Borg's Perceived Exertion and Pain Scale and weekly measures of lactate during exercise (finger tip, Yellow Springs Lactate Analyzer 23L). For the hypoxia group, five of the six subjects completed the 6 weeks of endurance training in hypoxia and the two acute bouts of ergometer exercise. These subjects performed 89 ± 2% of the 30 possible training sessions.
Muscle biopsies
Using the Bergström technique (Bergström et al. 1967) , resting needle biopsies were taken from the vastus lateralis muscle 3 days prior to the first exercise test and 3 days after the training period. A fraction of the muscle tissue was fixed in glutaraldehyde and subsequently embedded in Epon resin (Sigma Aldrich Chemie GmbH, Buchs, Switzerland) for electron transmission microscopy and morphometric analyses as described elsewhere (Hoppeler et al. 1985) . Capillary measurements were performed on an average of 121 fibres per biopsy with light microscopy as described elsewhere (Schmutz et al. 2006) . Muscle morphometry was carried out at a final magnification of ×24,000 on electron micrographs by performing point counting with a B36 grid with 144 test points.
For analysis of the molecular time course, fine needle biopsies (14 gauge single use; Medilink SA, Pregassona, Switzerland) were taken 1, 8 and 24 h after the first single bout of exercise in the untrained state (Schmutz et al. 2006) . Biopsy sampling was repeated over the same time course for the last bout of exercise in the trained state.
Microarray analysis and evaluation
Total RNA was subjected to microarray analysis in standardized conditions with established customdesigned low-density Atlas R cDNA arrays (BD Biosciences, Allschwil, Switzerland; Wittwer et al. 2002; Däpp et al. 2004; Schmutz et al. 2006) . The cDNA array platform [GPL 1935 at Gene Omnibus (GEO), http://www.ncbi.nlm.nih.gov/geo] covered 231 transcripts from the major gene ontologies underlying muscle energy and protein metabolism, fibre structure and cell regulation (Fig. S1B) . The selection and classification of transcripts to main GOs and subclasses was based upon the information available through the electronic literature (http://www.expasy.org/sprot/ and http://www.ncbi.nlm.nih.gov/sites/entrez).
In brief, total RNA was isolated from 25 μm cryosections of the muscle biopsies, quantified and 1 μg was reverse transcribed using Superscript II and specific primers for the spotted probes (Invitrogen, Basel, Switzerland) . Standardized amounts of [α- 32 P]dATP were used per reaction. Radiolabelled cDNA target was purified from the reaction using the supplied cartridge (BD Biosciences), and equal amounts (10 6 c.p.m.) were hybridized to individual cDNA array filters in Expresshyp (BD Biosciences) at 68
• C over night. Filters were washed and exposed to a phosphor imager for 10 days (Molecular Dynamics, Sunnyvale, CA, USA). Expression was quantified from raw signal intensities in relation to the background as estimated using the Grid Background Dots mode for 54 selected dots (AIDA Array Easy software, Raytest, Urdorf, Switzerland). Samples corresponding to different time points of recovery from exercise of one individual before or after training, respectively, were analysed in parallel. Hypoxia and normoxia microarray data series were deposited under provisional accession codes GSE 13623 and GSE 2479, respectively, at GEO.
Quantitative reverse transcriptase-polymerase chain reaction (qRT-PCR)
Six hundred nanograms total RNA was reverse transcribed with hexamer primers, and volumes corresponding to 5 ng cDNA were subjected to PCR with specific primers designed with the Primer Express software (PE Biosystems, Rotkreuz, Switzerland) basically as described by Schmutz et al. (2006) . This concerned hypoxia-inducible factor-1α (HIF-1α; 5 , TAGTGAACAGAATGGAATGGAGCAA; 3 , TTTTTGGACACTGGTGGCTC), HIF-1β (5 , TTGGCT-ACCAGCCACAGGAACTCTTAGG; 3 , GCTGGTTCTC-ATCCAGAGCCATTCTTGG), pyruvate dehydrogenase alpha 2 (PDHA2; 5 , GCATTGCTCTGGCCTGTAA; 3 , CCATATTGAAAGCTTCGGCT), pyruvate dehydrogenase kinase 1 (PDK1; 5 , CTGGACTTCGGAT-CAGTGAA; 3 , CCAGTCTGACAGGCAACTCTT), transcription factor A (TFAM; 5 , CCAAAAAGACCTCG-TTCAGCTTA; 3 , TG-CGGTGAATCACCCTTAGC), cytochrome C oxidase (COX-1; 5 , CTATACCTATTAT-TCGGCGCATGA; 3 , CAGCTCGGCTCGAATAAGGA), COX-4 (5 , GCCATGTTCTTCATCGGTTTC; 3 , GGCCGTACACATAGTGCTTCTG), long-chain specific acyl-CoA dehydrogenase (LCAD; 5 , TTAAAAGCCCAG-GATACCGCA; 3 , GCCTTTCCTGTGGAAGCTCTT), myosin heavy chain type 1 (MHC-1; 5 , AAGGTCAAG-GCCTACAAGC; 3 , CGGAACTTGGACAGGTTGGT), angiogenin (Ang; 5 , GCAGCATCAAGGCCATCTGT; 3 , AAGTGGTGACCTGGAAAGAAGACTT), angiopoietin 1 (Angpt1; 5 , CGCTGCCATTCTGACTCACATA; 3 , CGGTTATATCTTCTCCCACTGTTTTC), angiopoietin-1 receptor (Angpt 1R; 5 , GTTGGCCTTTCTGAT-CATATTGC; 3 , GGTTCTTCCCTCACGTTTTGG), angiopoietin-2 (Ang2; 5 , GGCTCAGGCTATTCGCTC-AA; 3 , CCTCAGGTGGACTGGGATGT), angiopoietin-4 (Ang 4; 5 , TGTGGCCTGTCAAACCTCAA; 3 , CGGATGCCGTCCATCTTG) and 28S ribosomal ribonucleic acid (rRNA; 5 , ATATCCGCAGCAGGTCTCCAA; 3 , GAGCCAATCCTTATCCCGAAG). All PCRs were run in triplicate using Sybr Green Master mix on a SDS 5700 (Applied Biosystems, Rotkreuz, Switzerland). Relative transcript amounts were determined using the Ct method, taking the efficiency of amplification for each template into account. For each sample, transcript signals were expressed versus 28S rRNA.
Statistics
Differences between physiological and morphometric variables obtained before and after 6 weeks of training were statistically evaluated using the paired Wilcoxon test [Statistica 6.1; StatSoft (Europe), Hamburg, Germany]. Interaction effects between 'training' × 'training type' were assessed with a repeated ANOVA. Significance was declared at P < 0.05. A P value between 0.05 and 0.10 was considered a trend. Baseline values of muscle and physiological variables were calculated by relating the values of each individual to the average value from the respective training group prior to exercise.
Transcript expression data were background subtracted and shifted by adding the integer of the most negative value of background subtraction. Subsequently, the background-corrected signals were related to the total mRNA signal per cDNA array to reveal normalized values.
Adjustments in muscle transcript expression were evaluated based on three criteria: (1) hypoxia-modulated transcript level alterations with 'training'; (2) hypoxiamodulated transcript expression during 'recovery from exercise'; and (3) adherence to a GO which demonstrated global hypoxia-modulated regulation.
Hypoxia-modulated transcript expression with (1) 'training' or (2) during 'recovery from exercise' was evaluated from normalized values with significance analysis of microarrays (SAM) at locally determined false discovery rate (FDR; Däpp et al. 2004; Flück et al. 2008) . Transcripts were called significant when the effective false discovery rate (q-value) was below the lowest false discovery rate as calculated by permutations of genespecific tests in SAM. The significance of an alteration post-versus pre-'training' with either training type was carried out with SAM for a two-class paired response type. Adjustments of transcript expression during 'recovery from exercise' versus pre-exercise were evaluated from normalized signals for each time point postexercise (i.e. +1 h, +8 h and +24 h) versus pre-exercise with SAM for a two-class paired response type.
(3) Hypoxia-modulated global regulation of a GO after 'training' was identified from a difference in the frequency of significantly up-and downregulated transcripts after 'training' between the 'training types' . Firstly, for each GO the enrichment of codirectional level alteration of transcripts for both 'training types' was determined based on a sign test as described elsewhere (Flück et al. 2008) . Then, for each coregulated GO the significance of differences in the frequency of up-and downregulation of transcripts between hypoxia and normoxia training was calculated based on a χ 2 test (MS Excel). Hypoxia-modulated global regulation of a GO during 'recovery from exercise' in hypoxia versus normoxia was identified based on a sign test for codirectional differences between the ratios of transcript alterations after exercise in normoxia versus hypoxia (as estimated by SAM for a two-class unpaired time course).
Visualization of fold differences and P values was achieved through treatment of the data with Cluster and Treeview software (http://rana. lbl.gov/EisenSoftware.htm). Postscript files were imported into CorelDraw X3 (Corel Corp.) and assembled in Powerpoint (MS-Office for Windows XP, Kildare, Ireland).
The qRT-PCR data were analysed for pre-versus postexercise difference using a Wilcoxon test [Statistica 6.1; StatSoft (Europe) ].
Pearson correlation analysis between transcript expression and markers of metabolic stress was carried out with Statistica 6.1, and values were visualized as described above. For cluster analysis, normalized transcript signals of each subject were related to the signal of the respective transcript before exercise. These fold changes were imported into cluster software, log transformed and subjected to hierarchical cluster analysis for genes. The output was visualized as described above.
Results
Effect of endurance training in hypoxia on aerobic performance and muscle ultrastructure
Six weeks of endurance training in hypoxia improved system parameters of aerobic fitness; P max during exercise in normoxia and hypoxia was increased by 6 and 10%, Median and range of physiological and muscle variables (volume densities and numeric relationships), and training intensity, before and after 6 weeks of hypoxia training of the five subjects who completed the protocol. Definitions: P exercise bout , absolute (in watts) and relative power (% of P max ) during the low-and high-intensity phase of the single exercise bout; P max , maximal aerobic power; andV O 2 max , maximal oxygen consumption. * Significant effect of training (P < 0.05).
respectively (Table 1) . TheV O 2 max as assessed in normoxia and hypoxia showed an increase by 13% and trend for an 8% elevation, respectively (Table 1) . The relative intensity (as a perecentage of P max ) of single exercise after the 6 weeks of hypoxia training was 15% higher and the absolute intensity 25% higher than before (Table 1) . Ultrastructural muscle analysis revealed an increase in local variables of oxidative metabolism. Both total and subsarcolemmal mitochondrial density (+52 and +169%, respectively) and sarcoplasmic volume density (+42%) were elevated after training with the added stimulus of hypoxia. Intramyocellular lipid density (+61%) and the number of capillaries per fibre (+11%) showed a trend towards an increase (P = 0.08; Table 1 ). As a consequence of these relative changes, there was a decrease in myofibrillar density of 9%.
Specificity of endurance training in hypoxia versus normoxia
The physiological and muscular adaptations with endurance training in hypoxia were compared with those to training in normoxia at the same relative aerobic power output (Schmutz et al. 2006) . No differences existed for baseline values prior to training for any parameter between the two training groups (Fig. S2) .
Therefore, baseline-related values were used for evaluating differences in adjustments with endurance training in hypoxia versus normoxia. An interaction effect of 'training state' (pre/post) × 'training type' (normoxia/hypoxia) was noted for the physiological parameter P max measured in hypoxia and subsarcolemmal mitochondrial density, i.e. P = 0.04 and P = 0.02, respectively (repeated ANOVA, Fig. 1 ). Compared with training in normoxia, the latter ultrastructural variable of aerobic metabolism showed a 1.9-fold greater increase after training in hypoxia. In addition, volume density of the sarcoplasm showed a trend for an interaction of 'training state' and 'training type' (P = 0.07). The P max increased half as much after training in hypoxia (+6%) than after normoxia training (+12%), and there was an interaction of the 'training type' and 'test condition' for post versus pre values (P = 0.002). Each group improved P max more (than the other group) when tested in the respective oxygen condition applied during training.
Regulation of gene expression by hypoxia during recovery from a single hypoxic exercise bout
Transcript expression of muscle relevant GOs (Fig. S1 ) during recovery of vastus lateralis muscle from the first 30 min bout of exercise in hypoxia was analysed in comparison to the response after exercise in normoxia. In the untrained state, the single exercise bout in hypoxia led to regulation of all 231 measured gene transcripts during the recovery phase (SAM, two-class paired). There was a general downregulation of transcripts after 1 h of exercise in hypoxia before transcript levels were increased with 8 and 24 h of recovery (Fig. 2) .
The biphasic response of the regulated muscle transcriptome during recovery from exercise in hypoxia differed from the effect of endurance exercise in normoxia at matched relative power output (SAM for a two-class unpaired time course; Fig. 2 ). The main difference concerned a broad upregulation of 167 transcripts 1 h after exercise in normoxia, which contrasted with the downregulation of 68 transcripts after exercise in hypoxia. Transcript level changes during recovery from exercise showed a considerable degree of correlation (Fig. S3) . Detailed inspection revealed that the differential regulation between both oxygenation conditions concerned GOs associated with energy metabolism and cell regulation and GOs associated 
Figure 1. Hypoxia specificity of muscle and system adaptations to endurance training
Graph visualizing adaptation in baseline-related muscle and system variables after 6 weeks of endurance training in hypoxia (n = 5) versus normoxia (n = 6). Symbols represent means ± S.E.M. * Significant interaction and †trend for an interaction between 'training' × 'training type' (repeated ANOVA). For the purpose of simplifying the presentation, the baseline values (=1.0) before training are not shown. Double underlined and single underlined names denote those variables which demonstrated significant differences or trends, respectively, after training in hypoxia.
with the extracellular matrix (ECM). By contrast, GOs associated with 'sarcomere' and 'protein synthesis' were not significantly differently affected during the 'time course of recovery' between the two 'exercise types' .
Local adjustments of gene expression with training
Sevety-one per cent of measured transcripts (i.e. 164 of 231) demonstrated altered expression after 6 weeks of training in hypoxia, with all demonstrating an increase (SAM for a two-class paired response). This concerned numerous GOs being associated with energy supply, the transcripts of which were regulated in a hypoxiaspecific manner during recovery from exercise in the untrained state. Transcript regulation of several GOs differed between training in hypoxia and normoxia (Fig. S4 ). This included a number of transcripts which discriminated between the two types of exercise/training ( (Fig. S5) .
Verification. The qRT-PCR measures of fourteen selected transcripts confirmed their regulation after 24 h of recovery from exercise in normoxia or hypoxia in the untrained subjects as identified by microarray analysis (Fig. 3) . The changes in qRT-PCR values and microarray signals 24 h postexercise were significantly correlated (r = 0.67, Spearman rank correlation). The hypoxiamodulated response of six transcripts was confirmed.
Metabolic stress during endurance exercise in hypoxia.
Arterial oxygenation at the end of the first single exercise bout was reduced in subjects exercising in hypoxia compared with those exercising in normoxia (Table 3) . This difference was maintained during the last exercise bout in the trained state. Equally, blood lactate (a marker of glycolytic stress) showed an exaggerated elevation after hypoxic exercise before training and a trend for elevation in the trained state (P = 0.07). Lactate levels in blood and the reductions in arterial oxygen saturation during exercise were negatively correlated before (r = −0.40, P < 0.01) and after training (r = −0.76, P < 0.01).
In the untrained state, the changes in arterial oxygen saturation during exercise for both training protocols were positively correlated with the fold expression changes of gene transcripts 1 h into recovery from exercise (Fig. 4) . In the trained state, the linear correspondence between muscle transcript expression and metabolic variables in blood was more pronounced but the correlations were showing negative values. A set of coregulated transcripts was identified whose expression response to exercise closely tracked arterial oxygen saturation (Table S1 and Fig. S3 ). Listed transcripts were identified as specified in the Methods based on the criteria of different regulation between hypoxia/normoxia 'type of exercise' after exercise and training (SAM) and adherence to a gene ontology with global hypoxia-modulated regulation. Values represent transcript level alterations during the time course of recovery from the first single exercise bout and after training in hypoxia versus normoxia. Bold-demarcated values denote significant level alterations. The corresponding q-values for the effect of hypoxia versus normoxia on the training response and time course during recovery from exercise are given. The transcripts validated with RT-PCR are underlined. n = 5-6 per time point and exercise/training type. Untrained Normoxia 95.5 ± 0.6 5.7 ± 0.9 32.2 ± 2.5 Hypoxia 77.6 ± 1.9 * 8.7 ± 0.7 * 32.9 ± 2.5 Trained Normoxia 94.3 ± 1.3 7.7 ± 0.4 36.6 ± 3.3 Hypoxia 77.6 ± 2.3 * 12.4 ± 1.8 † 35.2 ± 1.8
Arterial oxygen saturation (S aO 2 ), blood lactate and oxygen consumption (V O 2 ) after the single exercise bout in the respective test (and training condition) of the first and last exercise bouts of subjects. * P < 0.05 and †0.05 ≤ P < 0.10 versus normoxia (one-tailed Mann-Whitey U test).
C 2010 The Authors. Journal compilation C 2010 The Physiological Society maximal aerobic power output with endurance training is specifically enhanced by the incorporation of a normobaric hypoxic stimulus into the training regime (Terrados et al. 1988; Melissa et al. 1997; Vogt et al. 2001; Ponsot et al. 2006; Zoll et al. 2006; Roels et al. 2007 ). The present report explores this debated concept of concurrent endurance exercise and altitude exposure (Levine & Stray-Gundersen, 2006) by addressing the molecular physiological mechanism underlying this phenomenon. The results expose selected local adaptations of gene expression and ultrastructure in knee extensor muscle (vastus lateralis) which relate to hypoxia-specific adjustments of endurance performance in previously untrained subjects as a consequence of the incorporation of a hypoxia stimulus into a bicycle training regime (Fig. 1) .
The observations corroborate the view that a hypoxia complement during exercise ('living low-training high') develops a specific effect on metabolic processes in exercised muscle which may be of benefit for a previously untrained population to excel at altitude. This is in contrast to the augmented oxygen transport capacity in the vascular compartment via erythropoiesis with passive exposure to hypoxia ('living high-training low'; Flueck, 2009). A main observation of our study was that single and repeated exercise in hypoxia controlled the muscle transcriptome in a different manner from normoxia. The pattern of RNA level alterations indicates that a hypoxia complement during muscle work modifies the response of several gene ontologies by delaying transcript upregulation during recovery from exercise (Fig. 2) . This differentiation concerned GOs involved in glucose, fatty acid and mitochondrial metabolism and cell regulation, all of which demonstrated hypoxia-modulated transcript upregulation after training in hypoxia (Fig. S4) . The upregulation of transcripts of energy metabolism in vastus lateralis muscle corresponded to the enhanced promotion of subsarcolemmal mitochondrial density after training in hypoxia compared with normoxia ( Fig. 1 and Table 1 ). This observation is in line with previous reports documenting an enhanced elevation of selected mitochondrial transcripts, an increase in the marker of oxidative metabolism, citrate synthase activity, and mitochondrial content in untrained subjects with endurance training in hypoxia (Terrados et al. 1990; Melissa et al. 1997; Vogt et al. 2001) . These molecular observations represent, to the best of our knowledge, the first identification of gene regulatory adaptations of myocellular glycolysis (Braun, 2008) with single and repeated exercise with the costimulus of hypoxia.
The increased mitochondrial plasticity with the employed 'living low-training high' protocol was paralleled by a trend (P = 0.08; Table 1 ) for elevated capillary-to-fibre ratio but which was not altered after training in normoxia (P = 0.60; Schmutz et al. 2006) . Concomitantly, the expression of GOs involved in capillary neoformation by angiogenesis and extracellular matrix remodelling via degradation was upregulated in a hypoxiadependent manner (Fig. 2 and Fig. S4 ). The alterations included angiogpoietic factors (Ang, Angpt1R) known to regulate capillary dissolution (Table 2 ; Yancopoulos et al. 2000) . The observed pattern of regulation after a bout of exercise at reduced oxygen concentration argues for the combined promotion of mitochondrial biogenesis and angiogenesis by the employed 'living low-training high' regime.
The microarray analysis. Twenty-four hours postexercise, the hypoxia-specific transcript regulation of three factors with an implication in muscle energetics was noted (Fig. 3) . This concerned factors of pyruvate and fatty acid metabolism in mitochondria (PDHA2 and LCAD) and the slow muscle fibre type (MHC-1). These post hoc results show that the incorporation of a hypoxia complement during endurance exercise augments the proportion of gene transcripts associated with increasing economy of muscle metabolism (Joyner & Coyle, 2008) . The enhanced adjustment of metabolic transcript expression and mitochondrial structures with hypoxia training is astonishing in light of the reduced absolute workload during exercise in the hypoxia group compared with its normoxia counterpart (i.e. 140 versus 170 W; Table 1 ; Schmutz et al. 2006) . This may relate to the larger plasticity of the low abundant subsarcolemmal pool of mitochondria . This subsarcolemmal fraction shows preferential regulation of oxygen-independent parts of mitochondrial metabolism (Chilibeck et al. 2002) and preferentially localizes to the vicinity of capillaries (Kayar et al. 1988) . This adjustment contrasts the subsarcolemmal with the intramyofibrillar pool of mitochondria, the density of which did not alter differently between training in normoxia and hypoxia (Fig. 1) . The mechanism underlying the redistribution of this mitochondrial network was not the focus of this investigation.
When measured in normoxia, the identified elevations in subsarcolemmal mitochondrial content in exercised muscle did not result in further improvements of maximal aerobic performance (P max ) and oxygen uptake (Fig. 1) . By contrast, the adjustment in P max after hypoxia training was significantly less pronounced than after normoxia training (Fig. 1) . However, when measured in the specific test condition, both training groups improved P max more in the condition they were trained for. For instance, the hypoxia trained group showed elevated P max by 9.6 versus 6.4% when tested in hypoxia and normoxia, respectively. Conversely, 11.9 and 5.8% of improvement in P max was seen in the normoxia training group when measured in normoxia and hypoxia, respectively. The matched gene expressional, ultrastructural and functional interactions indicate that the altitude specificity of training for improvements in aerobic performance has a cellular basis.
The hypoxia-modulated pattern of transcript alterations during the course of recovery from exercise corelated to arterial deoxygenation and elevated blood lactate during exercise in hypoxia. Both measures indicate enhanced limitations in oxidative metabolism during hypoxic exercise (Joyner & Coyle, 2008) . This indicates that the transient, hypoxia-specific regulation of the muscle transcriptome 1 h after cessation of bicycle exercise follows a phase of elevated glycolytic stress due to straining of oxidative metabolism. This provides new evidence for a connection between perturbations of oxidative ATP synthesis during exercise and subsequent global gene regulation in humans.
Interestingly, the correlation between arterial oxygen saturation during exercise and the subsequent response of transcript levels was inverted with endurance training (Fig. 4) . Since exercise was carried out at the same arterial oxygenation (and matched power output) before and after training (see Table 3 ), this implies that endurance training fundamentally alters gene regulation of recruited muscle. The positive correlation between exercise-induced changes in arterial oxygen saturation and transcript levels during recovery suggests that the delay in transcript upregulation after exercise in hypoxia (Fig. 2) reflects a detrimental influence of metabolic stress (i.e. reduced oxygenation) in untrained muscle. By contrast, the inversion of this linear relationship after bicycle training implies the converse, i.e. elevated expression of transcripts postexercise with a fall in oxygen saturation during exercise.
It is noteworthy that many transcript level alterations postexercise were coregulated and tightly correlated with arterial oxygen saturation during exercise (Table S1 ). Inspection revealed that the majority of these gene messages constitute targets of hypoxia-inducible factor-1 (HIF-1). This suggests that transcript expression of metabolic pathways in exercised muscle in trained subjects may be related to muscle oxygenation (Flueck, 2009) . The underlying mechanism and the poor (i.e. reciprocal) correspondence in untrained muscle remain to be explored.
One limitation of our investigation was that our conclusions rely on two small cohorts of untrained subjects who were assigned to either training intervention based on the criteria to achieve a similar meanV O 2 max for both groups. The absence of major differences in muscle and system parameters between the selected hypoxia and normoxia population before training (Fig. S2 and Table S2 ), however, supports the contention that the two study populations are comparable. By contrast, an interaction effect of 'training type' × 'training' (P = 0.040, repeated ANOVA) for the assessed variables in the strongly recruited knee extensor muscle vastus lateralis after repeated bicycle exercise implies the specific differentiation of muscle ultrastructure and transcriptome. The improvement of oxidative parameters on the level of whole body exercise performance compared with muscle is thus explained by a scaling between local versus system adaptive potential (Hoppeler et al. 1985) . Therefore, our findings on the hypoxia specificity of endurance training in untrained individuals have to be valued with care with regard to their relevance in athlete populations who are close to the limits of adaptation due to years of training and competition. The present novel results suggest that current tools to monitor molecular and cellular responses at a local level are useful to map the fine adjustments which occur during exercise with a reduction in oxygenation.
Conclusions
Our molecular and cell physiological approach demonstrates that a hypoxia complement is able to enhance the volume contribution of mitochondrial to muscle metabolism in untrained male individuals to endurance training. The hypoxia-specific elevations in mitochondrial structure and metabolic gene expression after 30 exercise sessions corresponded to broadly modified transcript expression of energy pathways after a hypoxic workout in relation to indices of reduced oxidative metabolism. This highlights the implication of the muscle transcriptome in plasticity of muscle metabolism in humans to metabolic perturbations during exercise. This hypoxia-specific plasticity of the pathway of oxygen at the muscle level may, however, not be reflected on the level of coarse system variables, such asV O 2 max and P max , unless investigated in specific test conditions (Hoppeler et al. 1985) .
